Rel transcription factors function in¯ies and vertebrates in immunity and development. Although Rel proteins regulate diverse processes, the control of their function is conserved. In a two-hybrid screen for additional components of the pathway using the Drosophila I-kB protein Cactus as a bait, we isolated a novel coiled-coil protein with N-terminal Arg-Asp (RD)-like motifs that we call Cactin. Like the other components of this pathway, Cactin is evolutionarily conserved. Over-expression of cactin in a cactus A2 heterozygous background results in the enhancement of the cactus phenotype. Both the embryonic lethality and ventralization are strongly increased, suggesting that cactin functions in the Rel pathway controlling the formation of dorsal-ventral embryonic polarity. q
Introduction
The Rel pathway is conserved in invertebrates and vertebrates. In mammals, it controls the activities of the immune and in¯ammatory response genes as well as viral genes, and is critical for cell growth and survival (reviewed in Ghosh et al., 1998) . The Rel pathway also functions in the differentiation of vertebrate limbs (Bushdid et al., 1998; Kanegae et al., 1998) . In Drosophila, the Rel pathway functions in the innate cellular and humoral immune response, in muscle development, and in the establishment of dorsal-ventral polarity in the early embryo (reviewed in Roth, 1998; Govind, 1999; Lin and Steward, 1999) .
Rel protein dimers are retained in the cytoplasm through tight interaction with inhibitory Ik B proteins blocking Rel nuclear transport. Upon signaling (immune response or ventral signaling), both Ik B proteins and the Rel proteins are signal dependently phosphorylated. This phosphorylation event results in the ubiquitination and degradation of the IkB protein by the proteasome, and regulates the nuclear import of the Rel family transcription factor.
Rel proteins are transcription factors sharing a Relhomology region (RHR) of approximately 300 amino acids (Steward, 1987) . In Drosophila three Rel proteins have been identi®ed. Dorsal is the ventral morphogen functioning in early embryos (Steward et al., 1988) and has a redundant function in the larval immune response (Manfruelli et al., 1999) . Dif (Drosal related immunity factor) functions in the immune response (Ip et al., 1993; Meng et al., 1999) , but when ectopically expressed during oogenesis can partially rescue the dorsal phenotype (Stein et al., 1998) . Relish, a homologue of mammalian Rel p100 and p105, appears to only function in the immune response (Dushay et al., 1996; Hedengren et al., 1999) .
In Drosophila ®ve genes, Toll, tube, pelle, cactus, and dorsal, form the intracellular part of the Rel pathway (reviewed in Govind, 1999) . In¯ies and vertebrates, members of the Toll family function as transmembrane receptors (Schneider et al., 1991; Rock et al., 1998) . Activation of Toll is transmitted through Tube and Pelle. Tube, a novel protein, and Pelle, a conserved serine-threonine kinase (Shelton and Wasserman, 1993; Muzio et al., 1997) , form a complex shown to interact directly with Dorsal. This interaction is essential for wild-type signal transduction (Edwards et al., 1997; Yang and Steward, 1997) . Upon signaling, the Cactus-Dorsal complex dissociates. Phosphorylation of Cactus on at least two N-terminal serines, results in its ubiquitination and degradation (Bergmann et al., 1996; Reach et al., 1996) . Dorsal is also signaldependently phosphorylated and this modi®cation regulates its nuclear translocation (Drier et al., 1999; Drier et al., 2000) .
Consistent with its zygotic and maternal function, Cactus encodes two transcripts; the maternal/zygotic form is present throughout development while the zygotic form is present from the blastoderm stage onward (Kidd, 1992) . The zygotic protein is predicted to be 18 amino acids shorter than the maternal one but otherwise identical. Cactus contains six ankyrin repeats, each a 33 amino acid sequence implicated in protein-protein interaction. The ankyrin repeats mediate Dorsal RHR binding. Cactus is stabilized through its interaction with Dorsal; in the absence of Dorsal no Cactus protein is present (Whalen and Steward, 1993) .
Most cactus alleles are zygotic lethals with animals showing melanotic tumors at late larval and pupal stages (Roth et al., 1991) . Cactus also functions in the Drosophila innate immune response (Lemaitre et al., 1995) , but its lethal phenotype is a result of its lack of function in the lymph gland and blood cells (Qiu et al., 1998) . While many steps in the Rel pathways have been elucidated in¯ies and vertebrates, additional genes that either modify or localize the Rel or Ik B proteins may exist (Ghosh et al., 1998) .
In order to identify additional proteins functioning in the Rel pathway, we have used Cactus as a bait in the yeast twohybrid system and have identi®ed a novel protein that interacts speci®cally with Cactus that we name Cactin (Cactus interactor). By GST pulldown we have con®rmed the Cactin-Cactus interaction observed in yeast. We have also raised antibodies against Cactin and been able to co-immunoprecipitate Cactus with anti-Cactin, and conversely, Cactin with anti-Cactus. Cactin is evolutionarily conserved, containing at its C-terminal end a region of 52 a.a. that is over 90% identical in humans, Arabidopsis and C.elegans. Over-expression of Cactin in a cactus A2 heterozygous background results in the enhancement of the cactus A2 haploinsuf®cient phenotype. Both the embryonic lethality and the ventralized phenotype are strongly increased. We propose therefore that Cactin proteins are new members in the Rel-IkB pathway.
Results

Identi®cation of Cactin as a Cactus interacting protein
To identify new Cactus-interacting proteins functioning in dorsal-ventral patterning and in the immune response, we used Cactus as a bait in the yeast two-hybrid interaction trap. An expression vector encoding the maternal form of Cactus fused at amino acid 64 of Cactus to the LexA DNAbinding domain was used to screen Drosophila ovarian, embryonic, and disc cDNA libraries in the yeast strain EGY48. From a total of approximately three million transformants carrying both the bait and the prey, 65 clones were identi®ed as positives. These clones were retested by interaction mating with LexA-Cactus (positive control) and LexA-Sax, containing the intracellular domain of the TGFb receptor Saxaphone (negative control). The 65 clones were further tested for the activation of the LexAoplacZ reporter gene. Thirteen clones were selected after this screening protocol. One of these positives, Cactin, is the subject of this paper.
To test the interaction speci®city of Cactus and Cactin, the yeast were grown on selective medium containing galactose to induce prey expression, or glucose where prey expression is not induced, and scored for the activation of the LexA-dependent reporter gene (Fig. 1A) . The interaction is speci®c since neither Pelle, Tube, nor Dorsal RHR interact with Cactin. The strength of the interaction was assayed by determining the activation of the LexAoplacZ reporter gene. As shown in Table 1 , based on b-Galactosidase activity, Cactin protein interacts strongly with Cactus. The interaction is similar in strength to that of Dorsal RHR with Cactus. Cactin does not interact with the intracellular domain of the unrelated Saxophone receptor (Xie et al., 1994) .
The speci®city of the interaction between Cactin and Cactus was further con®rmed by a GST pulldown assay. Fig. 1B shows that the C-terminal half of Cactin is speci®-cally retained on beads coupled to GST-Cactus, but is not bound to beads linked to GST alone. This binding appears speci®c, since the GST-Cactus beads are unable to bind luciferase, but as expected, do interact with Dorsal RHR.
Cactin is highly expressed in the ovary and during embryogenesis
The 1.0 kb Cactin sequence obtained from the two-hybrid screen was used to probe a developmental Northern blot containing polyA 1 RNA. Only a single 2.5 kb transcript is detected (Fig. 2) . The transcript is strongly expressed in females and only weakly in males, and is present at relatively high levels in the ovary and throughout embryogenesis. The transcript is barely detectable in larval and pupal stages. In situ hybridization to ovaries and embryos using a Cactin probe reveals that the RNA is present in the germline as well as in the soma, and that the RNA is uniformly distributed in early embryos (data not shown). The presence of the Cactin mRNA in the ovary and during early embryogenesis suggests a potential maternal function of Cactin.
Cactin encodes a novel coiled-coil protein
The clone isolated in the two-hybrid screen was sequenced and found to encode only the C-terminal 356 amino acids of Cactin. Using this fragment as a probe, we obtained a 2.5 kb near full length cDNA from an ovarian cDNA library and sequenced the remaining portion of the gene.
The Cactin cDNA contains two possible initiating methionines separated by 42 amino acids. The second methionine is preceded by a sequence that matches the Drosophila Kozak consensus for translational initiation (Cavener, 1987) . Starting from the second methinonine, the cDNA encodes a protein of 743 amino acids (Fig. 3A) .
Comparison of the genomic and cDNA sequences indicates that there are no introns present. While the 5 H UTR consists of about 200 nucleotides, the coding sequence is trailed by a short 20-nucleotide 3 H UTR. Cactin encodes a novel protein with a predicted molecular weight of 88 kDa. A striking feature is an N-terminal domain rich in charged residues, alternating between positively and negatively charged amino acids (RD-like repeats, underlined in Fig. 3A ). A Pro®leScan (Bucher et al., 1996) reveals that the protein contains three potential bipartite nuclear localization signals (bold in Fig. 3A ) and three coiled-coil domains, that may function in the self-association of the protein, or in the interaction of Cactin with proteins other than Cactus (Fig. 3B) .
To test the interaction between the Cactus bait and the full length Cactin protein, we fused the Cactin protein from amino acid 28 upstream from the second methionine to the B42 activation domain in the prey vector. The interaction of full-length Cactin with Cactus is observed in the cotransformation assay but not in interaction-mating (result not shown).
Cactin co-immunoprecipitates with Cactus in vivo
To study the Cactin protein, and its interaction with Cactus in vivo, we generated anti-Cactin polyclonal antibodies in rats. The antiserum recognizes a band of about 100 kDa in ovary and embryo extracts. The speci®city of the antibody was tested by comparing the signal obtained on western blots of extracts from wild-type¯ies and cactin over-expressors in which the P[UAS-cactin] expression was controlled by the P[armadillo(Arm)-GAL4] driver in a wild-type background (Sanson et al., 1996) . As shown in Fig. 4A , the intensity of the band observed in wild-type , from ®rst to third instar larvae (L1±L3), from pupae, ovary, males, and females. The blot was hybridized with the cactin fragment derived from the two-hybrid screen (top panel) and with a probe of ribosomal protein rp49 (bottom panel). extracts or extracts from animals that carried only the P[UAS-cactin] transgene was signi®cantly lower than the bands observed in extracts from¯ies that carried two transgenes, P[Arm-GAL4] and P[UAS-cactin].
To determine if Cactin associates with Cactus in vivo, we performed co-immunoprecipitation experiments. AntiCactin antibody co-immunoprecipitates Cactus protein from wild-type embryonic extracts (Fig. 4B) , and antiCactus antibody co-immunoprecipitates Cactin from the same extracts (Fig. 4C) . The immunoprecipitates were also tested for the presence of Dorsal. While anti-Cacuts antibody precipitates Dorsal reliably, Cactin co-precipitation was erratic. Anti-Cactin antibody never co-precipitated Dorsal. Hence, the Cactus-Cactin interaction could be transient and probably occurs when Cactus is not associated with Dorsal. This analysis suggests that Cactus and Cactin are possibly only found for a short time in a complex in early embryos.
Cactin overexpression enhances the cactus A2 phenotype
We mapped the cactin sequences by in situ hybridization to the 19C region of chromosome 1. In a blast search we found that the 5 H end of cactin is localized immediately 5 H of the phosphatase gene Pp4-19C (Helps et al., 1998) . Pp4-19C and cactin are transcribed in opposite orientations and their ATGs are about 1.3 kb apart. The only mutation in Pp4-19C is caused by the insertion of a 0.68 kb apparently defective P-element to 818 bp upstream of its ATG. This Pelement is inserted 483 bp upstream of the cactin ATG. Based on western analysis, this mutation does not affect the expression of cactin. Unfortunately, our attempt to recover a mutation in cactin by mobilizing this P-element was unsuccessful. This con®rms that the P-element is defective.
To investigate if cactin may function in the dorsal-ventral pathway we over-expressed the gene, using the Arm-GAL4 driver. This experiment was done in a wild-type as well as in a cactus A2 heterozygous mutant background. Heterozygous cactus A2 females show the cactus haplo-insuf®cient phenotype; about 30% of embryos fail to hatch and show mostly a weak ventralized phenotype ( Fig. 5B ; Table 2 ). Females heterozygous for the Arm-GAL4 driver and UAS-cactin were fully fertile, even though they expressed higher levels of Cactin (Fig. 4) . However, we found that females that are heterozygous for cactus A2 , Arm-GAL4 and UAS-cactin, a marked decrease in fertility and an enhancement of the ventralized phenotype. This result was obtained with in both lines tested, one line carrying the cactin transgene on chromosome 2, the other carrying the transgene on chromosome 3. Particularly noteworthy was that some of the embryos showed a strongly ventralized phenotype (weak V2) that is similar to the strongest phenotype produced by any cactusallele; females homozygous for the maternal effect allele cactus A2 produce embryos with a strong V2 phenotype (Fig. 5C,D) .
As expected from the GAL4/UAS system, enhancement of the phenotype is particularly strong at 298C (Morimura et al., 1996) . The enhancement was stronger in the line that carried UAScactin on the second chromosome. This line apparently produces higher levels of Cactin, as observed in the western blot (Fig. 4A ).
Cactin is conserved in plants and animals
Database searches have identi®ed Cactin homologues in Arabidopsis, Dictyostelium, S. pombe, C. elegans, mouse, and human. The predicted full genomic sequence of human, Arabidopsis, and S. pombe is available in the database, while the gene of the other organisms has only been partially sequenced. In humans, several ESTs have been identi®ed from such tissues as tonsillar cells enriched for germinal center B cells, kidney, testis, colon, T cells, and B cells. The human protein is predicted to be 758 a.a. in length and overall is 41% identical to the Drosophila protein. The Arabidopsis homologue is predicted to be 672 a.a., and the S. pombe homologue is 517 a.a. in size and they show 32 and 24% identity, respectively. One mouse EST (161 a.a.) isolated from 13.5 to 14.5 day old embryos is also close to 50% identical to Dcactin. All Cactin homologues share a highly conserved region in the C-terminal half of the protein (Fig. 6 ). In this domain there exists a block of 52 a.a. (amino acids 598±650 in Drosophila) in which only 2 a.a. are different between humans and¯ies. In the same domain 4 a.a. in Arabidopsis and 6 a.a. in C.elegans are different from the¯y sequence. The most divergent sequence is that of the mouse. Since this sequence is relatively short and derived from an EST, these differences could be due to sequencing artifacts.
Discussion
In our two-hybrid screen for proteins interacting with Cactus, we identi®ed cactinon the basis of its strong interaction with Cactus, and have con®rmed this interaction by GST-pulldown. Cactin speci®cally interacts with Cactus but not with Tube, Pelle, or Dorsal proteins that all function in the intracellular Rel pathway. Cactin is highly expressed in the ovary and throughout embryogenesis, as would be expected from a gene that functions with cactus.
We found that while the C-terminal 356 amino acids of Cactin speci®cally interact with Cactus, the interaction of the full-length protein is much weaker in our two-hybrid assays. However, the full-length Cactin protein can be coimmunoprecipitated by anti-Cactus antibody and antiCactin antibody from 0 to 3 h embryo extracts. These results suggest that Cactus-Cactin interact in early embryos. We looked for a complex that might contain Dorsal, Cactus and Cactin in the co-immunoprecipitation experiments, but were unable to show the existence of such a complex.
Cactin is conserved in organisms ranging from S. pombe to humans. Some level of homology exists along the entire length of the proteins, and the human homologue is predicted to contain N-terminal coiled-coil domains, similar to Dcactin. A very highly conserved domain of about 50 a.a. is localized in the C-terminus. This domain is rich in prolines and contains several completely conserved posi- tively charged residues suggesting that the domain may bind metal ions and possibly have enzymatic function.
Rel or IkB proteins have not been identi®ed so far in S. pombe, Dictyostelium, and C. elegans. The presence of a Cactin homologue in these organisms suggests that the cactin gene evolved earlier than the rel and Ikb genes. It also suggests that cactin may have an additional role beyond its function in the Rel pathway. In Arabidopsis, however, a protein related in structure and function to IkB proteins, NPR1, was cloned (Cao et al., 1997) . Cactin may therefore have a conserved function in plants. Interestingly, human cactin has been identi®ed as a renal tumor antigen (Scanlan et al., 1999) .
Over-expression of Cactin in a sensitized cactus background results in enhancement of embryonic lethality and of the ventralized phenotype, a result suggesting that Cactin may function in the dorsal-ventral pathway and that its normal function may be to positively regulate the nuclear targeting of Dorsal by regulating the stability of the Cactus protein.
Cactus activity is regulated by both signal-independent and signal-dependent processes that target it for degradation (Belvin et al., 1995; Bergmann et al., 1996) . In dorsal protein-null backgrounds, no Cactus is present as a result of a signal-independent degradation process. The signaldependent degradation of Cactus involves serine phosphorylation events in the N-terminal region. Phosphorylation at these sites triggers poly-ubiquitination and targets the Ik B proteins for rapid degradation by the 26S proteasome (Bergmann et al., 1996; Reach et al., 1996) . Cactin may possibly function in either of the two degradation processes. The signal independent degradation of Cactus appears to proceed throughout early embryogenesis, and overexpression of Cactin could possibly result in an excess of Cactus degradation resulting in an extended Dorsal nuclear gradient and a ventralized phenotype.
Alternatively, Cactin may function in the signal dependent degradation of Cactus. A 900 kDa Ik B Kinase (IKK) complex that controls the phosphorylation of Ik B has been identi®ed in vertebrates (Zandi et al., 1997) . Two Ik B (963) 65 (923) 83 (20) 17 (4) 88 (98) 12 (13) #34 CactA2/ UAScactin; ArmGal4/1 60 (1254) 32 (1256) 46 (21) 52 (24) 2 (1) 10 (41) 85 (335) 5 (20) ArmGal4/1; UAScactin/1 100 (1185) 100 (676) UAScactin/1; ArmGal4/1 100 (1274) 98 (702) a Numbers indicate % of embryos hatched. Numbers in parenthesis indicate total number of embryos scored. b Phenotypes of cuticles of unhatched embryos were observed and classi®ed according to Roth et al. (1991) . kinases, IKKa and IKKb, and IKKg/NEMO (NF-k B essential modi®er) as well as IKAP (IKK complex-associated protein) are components of this multiprotein complex Rothwarf et al., 1998; Yamaoka et al., 1998) . Studies on the ubiquitin-dependent proteolysis have identi®ed an evolutionarily conserved SCF ubiquitin ligase complex in the regulation of the Rel/IkB signal transduction (Spencer et al., 1999; Winston et al., 1999) . Cactin could possibly represent an additional component of either complex. The strong conservation of Cactin suggests that its function is conserved throughout evolution.
Experimental procedures
Plasmid constructions
All LexA fusion plasmids were constructed by inserting coding sequences in frame into the pEG202 (Gyuris et al., 1993) . Plasmid expresses LexA-Cactus was constructed by inserting the maternal cactus cDNA fragment (encodes amino acids 64±500) (Kidd, 1992) into pEG202. Expression of all fusion proteins was con®rmed by Western blot. Plasmids expressing LexA-Cactin-¯and LexA-Cactin-C were constructed by ligating pEG202 with the c-DNA expressing full-length (1±743) or C-terminal half (388±743) of Cactin. Plasmid expressing LexA-Sax that contains the intracellular domain of Drosophila type I transforming growth factor-b receptor Saxophone, is a gift from Xie, Ting (Xie et al., 1994) .
All other constructs used were made by cloning either restriction fragments or PCR fragments into the appropriate vectors. The vectors used include: yeast two-hybrid library vector pJG4-5; pGEX-vectors (Pharmacia), vectors for GST-fusion protein expression; pET28(a) (InVitrogen), a vector used to express His-tagged fusion protein for antisera generation; and pUAST, a Drosophila transformation vector which contains a UAS promoter (Brand and Perrimon, 1993) .
Yeast two-hybrid screening
LexA-Cactus was used as the bait in a two-hybrid screen of a Drosophila cDNA library. The Drosophila cDNA constructed in the pJG4-5 was a gift of Roger Brent. Yeast interaction trap selection and assays were performed as described in http://www.molsci.org/
In vitro translation and GST fusion protein binding assay
For in vitro translation, the appropriate coding regions were inserted into the pSP72HA vector. This vector was constructed by inserting a 200 bp PCR fragment containing partial 5
H UTR sequences and the ATG translational initiation signal from the punt c-DNA (a gift from Richard Padgett) followed by the HA epitope tag into the pSP72 vector (Promega). The DNA fragment containing the Cterminal half of Cactin (amino acid 388±743) and the DNA fragment containing the Dorsal RHR (amino acid 35±356) were inserted into the pSP72-HA vector. Expression of the inserted DNA fragment was con®rmed using anti-HA antibodies (BRL).
35
S-labeled C-terminal Cactin, Luciferase or the Dorsal RHR were synthesized in vitro, using the TNT transcription/ translation coupled rabbit reticulocyte lysate system (Promega). Bacterially expressed GST-fusion proteins were synthesized and puri®ed as described (Smith and Johnson, 1988) . Equal counts of 35 S-labeled, in vitro translated proteins were loaded onto equal amounts of GST or GSTfusion proteins, immobilized on glutathione-Sepharose 4B beads (Pharmacia). The beads were washed and the bound proteins were eluted by boiling in sample buffer and analyzed by SDS-PAGE and autoradiography.
c-DNA cloning and sequencing
Full-length cactin cDNA was obtained by screening a Drosophila ovarian cDNA library, a gift from Peter Tolias (Stroumbakis et al., 1994) . The nucleotide sequence of the cactin cDNA were determined on both strands by cycle sequencing (PTC-100, MJ Research, Inc) with speci®c oligonucleotide primers.
RNA isolation and Northern blot analysis
PolyA 1 mRNA from different developmental stages was isolated on oligo(dT)-cellulose columns (BoehringerMannheim) and run on 1% agarose-formaldehyde gels. For northern blots, the gels were transferred to nylon membranes (Qiabrane, Qiagen), UV cross-linked, and hybridized to the 32 P-labeled cactin or rp49 probes.
Antisera generation and immunoprecipitation
His-tagged Cactin expression and puri®cation were done according to the manufacturer's protocol (InVitrogen). Rat polyclonal antibodies against Cactin were generated by Pocono Rabbit Farm & Laboratory, Inc. Antisera was af®-nity puri®ed on His-tagged Cactin, Ni columns according to the manufacturer's protocol (InVitrogen). Immunoprecipitation was done as described by Whalen and Steward (1993) , except that secondary antibodies (anti-mouse or anti-rat) were added to the ®rst immune complexes and incubated for 2 h. The antigen-antibody complexes were collected on GammaBind Plus Sepharose beads (Pharmacia), washed ®ve times in extraction buffer and subjected to SDS-PAGE and Western blot analysis.
Drosophila stocks
Transgenic lines carrying P[UAS-cactin] were produced following standard Drosophila transformation protocols (Rubin and Spradling, 1982) . The transgenic P[armadillo-GAL4] strains (Sanson et al., 1996) were obtained from Ken Irvine.
Morphology of embryos
Cuticle preparations were performed as described by Wieschaus and Nusslein-Volhard (1986) . A classi®cation of phenotypes resulting from complete or partial loss of Cactus protein function was modi®ed by Roth et al. (1991) .
